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FACTORS CONTROLLING THE FRACTURE TOUGHNESS OF CRYOGENIC ALLOYS
Wade Alan Horwood
Inorganic Materials Research Division, Lawrence Berkeley Laboratory and :
Department of Materials Science and Engineering, College of Engineering;.
University of California, Berkeley, California
ABSTRACT
This study was'initiated to attempt to design, using a basic -

knowledge of materials and processing, an Fe base BCC alloy having

superior combinations of.strength and toughness at —196 C. An alloy

- of Fe-12 wt% Ni-0.5 wt% Ti was chosen for the investigation.

The optimum properties of this alloy at room temperature and at
—196°C are given below:

23°c - -196°C

Charpy V-notch energy 220 ft-1b  130-150 ft-1b
0.2% yield stress (ksi)  90-98 | 135-150

" “lensile stress (ksi) | 95-110 150-165
% Elongation in 1 inch : 22% : | '_222

J"A Reduction in area " 85%. v 75%

These unusual mechanical properties are attainable with several :

different heat treatments. Structural studies reveal that the impact

‘properties are highly dependent on the grain size.

The alloy shows much promise as a high strength, high toughness:
alloy for low. temperature use, exhibiting combinations of strength and

toughness unmatched by available commercial cryogenic alloys.
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304 L stainless steel (FCC) and the 9/ Ni, 0.1% C steel (BCC)~

1

I. INTRODUCTION
With the rapidly expanding use of liquified gas'products for

scientific and industrial applications, there is an urgent need for

‘materials Wthh are both strong and tough at temperatures to —200 C

- and below. Unfortunately, mechanical properties can change drastically

with temperature, and a material which is ductile at room temperature
can become'extremely brittle, and therefore unsafe for structural purposes,
when operating temperatures are lowered by as little as 50 to 100°C

The most common metals have either the FCC or BCC lattice structure

and these two structures are different in their response to change in

temperature.. The FCC is characterized by an inCrease‘in tensile strength
with decreasing.temperature, while the yield strength and impactvresistance
are in'generallrelatively temperature insensitive.1 The yield strength
iS‘normallyvlow. The behavior of BCC materials is. quite dissimilar.

With decreasing temperature, the tensile strength, in most cases, changes .
| | 1,2 |

relatively little while the yield strength increases_rapidly.

The impact resistance shows a sharp transition from high to low

‘resistance to brittle fracture. This drastic change'inuimpact

resistance of BCC materials occurs in a narrow- temperature range and
is called the Nll Ductllity Trans1tion (NDT).
Currently, two of the most commonly used cryogenic alloys are type

3 4 Two of

the most important mechanical properties required for low temperature

service are yield strength and resistance to brittle fracture.' These
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properties are tabulated below1’4’5’6’7’8 for the 9% Ni steel and

304 L stainless steel at a temperature of -196°C.

Yield Strength Charpy V-Netch
9% Ni Steel | 140,000 psi 60 ‘to 80 ft-1b
304 L SS . 60,000 psi 120 to 170 ft-1b

It is obViéﬁs'that these two materials do not have optimum
combinations of strength éﬁd toughness. The.304 L stainless steel
has very high resistance to brittle fracture as indicated by the
standard_Charpy V-notch énergy;' Hoﬁever; it hasva low yield strength.
The 97 Ni éteel-has a_high yield'strength but a much lower Charpy
impact value. Thus, both materials are less th;n ideél i.e., one

combining both high strength and high toughness.

Other than the. work of Brophy and Miller9 describing the unusually

good low temperature impact properties of the 8-10% Ni steels con-

taining 0.1%C, little has been done to develop new BCC alloys.

New heat treatments have been developed for the 9% Ni steels to improve

their low tempefature toﬁghneéssslo and studies-ha&eibeen made ofllower
nickei contént-stee1s3’11 but no new alloys with suberiof'low '
temperatufe pfoperties have appéared for sevéraivdecades.

As discussed above, the materials presentiy in existance for low

temperature service show either high strength and relatively low

'S
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in the difference between the yield stress and the fracture stress,

toughness or high toughness and low strength. This type of trade off

has, in the past, been taken as a fact of life, andvattempts to use a

- basic knowledge of materials to acquire, simultaneously, increased

strength and 1mproved toughness, have been few.
A variety of metallurgical phenomena need to be considered in the

development of an g~Fe cryogenic alloy. The. maJor factors that

+ influenced the composition used in this study ‘and its-resultant processing-

were: the effects of substitutional and interstit1a1 elements, control
of grain size, precipitates and dislocation substructure.
Interstitials, especially carbon, are known to cause rapid'
2,12,13,14

embrlttlement of o~Fe at low temperatures = The mechanism is

probably that of segregation at dislocations; thereby inhibiting dis-

~ location motion i.e., plastlc deformation.l To combat these deliterious

effects, interstitial element concentrations must be kept as low

- as possible;‘either by.removal during manufacture or by alloy chemistry;

such as the introduction of a strong'getter to»precipitate them as
finely dispersed, innocous particles.

Reduction of the grain size is a formvof'microstructural control
by which low temperature properties can be improved. A strength
15

increase accompanies grain size reduction, and Sm1th14 and Hodge

have demonstrated the relationship between grain size, Nil Ductility

' Transition (NDT) temperature and tensile ductility. vThis increased

ductility.isfbelieved'to be due to the accompaning large increase’



which allows greater plastic deformation and'energy absorption before
fracture. It is known that the grain size can be refined by alloy
additions, hot or cold deformation and/or phase transformations. .

Precipitates, although effective in increasing the yield stress,

are normally detrimental to low temperétufe ductility. However, small,

finely dispersed, noncoherent precipitates can improve both strength -
and ductility by decreasing tﬁe length of stable dislocation arrays.
This is eSsenfially a way of decreasing the effective gfain size of
the material and shouid therefore improve the notch toughhess.

Several substitutional elements are known to lower the NDT

temperature and to improve the low temperature ductility and the impact

resistance of 0-Fe. The most suitable of these as a major'alloyihg :

3,12,13,17

addition is nickel. ~ Although the reason is not well under-

stood, nickel is unique in its ability to profoundly improve the low

, température ductility of OL—Fe.g’17

Elements other than nickoi
impiove ductility by affecting the distribution and morphology of
carbides12 or‘removing interstitials by precipitationQ,.

bislocation substructure plays a large part invlow;temperature
tougﬁness. Idoallx a substructure containing large numbers of lightly
pinned, mobile'dislocations, intimately mixed with areas olmost devoid
of dislocations would produce good low temperature‘properties. The
highly dislocated areas would provide strength, while the areas
containing few dislocations would provide an opportuoitf for relieving
high stresses by providing dislocation free areas for the movement

of mobile dislocations.

16

Y
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'Givéﬂ the ébo&e éoﬁsiderations, the desirable‘featuréé qf a
low temperaﬁure BCC alloy>are fine grain size, low iﬁtérstitial_
content (plus a getter to femdve those present from undesirable sites),
moderate nickel additions (to improve properties Qithdut making ﬁhe
alloy too expensive), a duplex substructure, and the presence (fof
étrengthening) of noncoherent precipitates. The Fe—NifTi system
meets all thésevréquirements. By varying éomposition and heat treat-
ment, a wide varietyvof strength ievels,'microstructufés and substructufes
can be easily obtained. .The system'has an o to Y phase transformation
vfemperature which decreasesvwithviﬁcféasing nickel contéﬁt. Thus it
is possible both to decrease grain size by a ph;se transformation at
relatively low heat treating'temperatures and to attain thé low
temperature ductility normally associafed with nickel céntaining
alloys. Precipitation of ductile NijTi pa:ticlgé as a finely dispersed

second phase is possible in this system by simple o heat treatment,

‘and in addition, the titanium acts as a strong getter to remove

carbon and other tramp elements from solution iﬁAthe matrix. The -
duplex dislocation substructure produced on cooling through the Y>a
phase transformation is similar to that described as highly desirable

. , . . 18
earlier in the introduction.



II. EXPERIMENTAL PROCEDURE

A. Material Preparation »

The alloy used for this investigation was made byvinduction melting

in an argon atmosphere from high purity Fe, Ni and'Ti. The chemical
: | v
analysis of the three 20 1b ingots used are given in Table 1. The as--

cast 1ngots were homogenized for 50 hrs at 1100° C, air cooled, and

forged at 1100° C to 5/8 in. dialrod and air cooled

B. Heat Treatment
" Three inch long sections of as forged rod.were heat treated in
an air furnace (+5 C) and either ice brine ‘quenched (IBQ) or air quenched
(AQ). After heat ueament, the sections were machlned into standard
Charpy V-notch impact spec1mens; Fig. la, or 1/4 in. d1ameter round by
1 in. gauge length tensile spec1men3, Fig. lb Spraylcoolant was used
at all t1mes to prevent overheatlng during the machining operations.
Aging studies were conducted on 1/8 1n..sections of rod. These

t

spec1mens were heated to 900°C for 2 hrs and IBQ from the as forged con-

dition. ThlS was followed by heatlng in a salt bath at the desired temper—_-

ature (+2° C) forvfrom 0.3vto 50 hrs and water quenchlng.

C. Mechanical Testing

1. Hardness Tests -

A Wilson‘Rockwell Hardness Tester was.used for alldhardness measuref.
ments. The Rockwell -t scale (60 kg major load and diamond Brale .
indentor) was used. A minimum or four hardness impresslons were made
on the notched;face of each Charéy specimen, and the results averaged.

Scale and oxide was removed from the aged speclmens by grinding

on a 240 grit wet helt before testing. A minimum of four impressions
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were made on the specimens and the results averaged.

2. Charpy Impact Tests

Charpy impact testing was conducted on a 225 ft-1b capacity Charpy
1mpact ‘testing machlne with a hammer velocity of 16 9 ft/sec. Impact tests
were conducted at 23° c, f78 C and -196°C. Crushed dry ice and liquid

nitrogen (LN) were the coolants used at -78°C and -196° C, respectively.

~ Specimens were impacted within 5 sec after removing from the cooling

bath per ASTM E—23—64.19 Two specimens were tested fer each heat treatment

and the angles corrected for pointer and air and bearing friction20 before

‘calculating enefgy absorbed in fracture. The impact values were then

averaged.

3. Tensile Tests

R

Tensile properties were determined on annll,QOO 1b capacity Instron
Testing Machine at a crossheat speed of 0.02 in./minute. Tests were

conducted at room temperature and -196°C (LN).

D.v Dilatometry

D11atometrlc studies were conducted to determine the o + Y region
and the transformatlon characterlstics ‘of the material The specimens
were 1 in. long tubes with a 1/4 in. outside dlameter and 1/32 in. wall
thlckness. These tubes were machined from the broken halves of charpy
impaet specimens, Dilatometric curves were made by heatingvand cooling
the specimehs at 750°C/hrvinian air atmesphere furnace.and simﬁltaneously

recording the specimen expansion-and its temperature.



E. X;Ray Diffraction:

The retained austenite content washdetermined on transverse sections
of both tested and untested Charpy bars using a Norelco type 12045 d1f—
fractometer w1th Cu~K 2 (A = 1.54050A) radiation and monochromator. The
surface to be scanned was polished and etched twice to'remove any worked
surface from'the cutting operation. The scan was run from 26 = 40° to
83°, and the intensity of ‘the 110(44 7° ) BCC and 111(42 8°), 200(49 8°) and
220(72.0°) FCC reflections determlned and compared.

F. Microscopy

1. Optical Microscopy

Transverse sectlons of broken Charpy ‘specimens were used for optical
metallographic observation. These sectlons were mounted in Koldmount
abraded on silicon carbide papers to 600 grit, polished on a ly diamond
wheel and final pollshed on an 0. 05u Al O Vibromet Specimens were |

273
etched in ZSZ—Kalling-etch: 257% of SZ nital, mixed fresh. Etching time

was 20 to 45 seconds.

- 2. Scanning Electron Microscopy

'The'fracture surfaces of selected Charpy specimensswere examined
with a Jeolco JSM-U3 scanning electron microscope (SEM) with secondary
emission at 25 kV. |

3. Transmission Electron Microscopy

a. Replicas

Repllcas were’ taken from the surface of the etched optlcal specimens
by the d1rect carbon technique.” The carbon was evaporated at an

angle of 30° off the surface normal. A solution of 10% HC1l in ethyl




alcohol was used to separate the replica from the specimen suriace.d
The replicas were examined with the Siemens 1A electron microscope
operated at 60 k.

b.h,Thin Foils

Thin>foil.samples suitable forrtransmission electron microscope

examination were prepared by the standard window technique using an

 electrolyte of 75 gms of CrO in 400 cc of acetic acid and 20 cc of

-HZO. Specimens were examined in the Siemens 1A microscope operated

at 100 kV.
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ITI. EXPERIMENTAL RESULTS AND DISCUSSION-

A. Toughness oL , ' _ o
The discussion will be divided into the following sections for - - : i

presentation.

1. Structure and Properties of Optimally Heat Treated Specimens o

2. Structure and Properties of Non~Optimally Heat Treated Specimens
a. Heat treatments above the high toughness temperature range

b. Heat treatments below the high'toughness temperature range .

1. Structure. and Properties of Optimally o .v o ';
Heat Treated Specimens

The toughness of this alloy is highest after.heating‘for 2 hrs in.
the temperature range of 700°C to 750°C from the as forged'(AF)_or
900°C (2 hrs) AQ condition F1gs. 2 and 4 respectively _ The micro-
structures corresponding to these conditions are shown in Figs, 5 and 7.
On either side of this high toughness region (i.e., below 700°C or above
750° C) there is a sharp decrease in Charpy V-notch energy'to below

20 ft-1b. Figures 8 and 9 show . the fracture surfaces of the Charpy

bars across the whole temperature range from 600°C to.900°C for these :
two conditions. .They illustrate the large amount of plastic deformation »

occurring in the 700°C to 750°C temperature ranges and the flat, brittie o i
fractures above and below this regionu Scanning eleCtron fractographs o o

in Fig. 10 show.the typical'dimpled rupture of the high toughness heat | v :
treatments (Fig. 10c,d) and the cleavage and quasicleavage which | R

dominates the 1ow energy fractures (Fig. 10a,b,e f) "One inconsistent
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result is tﬁé_high_toughness produced at 650°C frdm:tﬁé as forge&
condition (Fig; 2). This topic will be discussed in Section 2b of the
Discussion. a

Dilatometric curves are shown in Fig. 11 for sevérél cooling
rates from 9b0°C and for the as forged condition. The conventional

1 3

from thesé curves, are shown in Table 2. This data shows that the

o > Y start and finish temperatures (Ac, and Ac, temperature), as taken

o *+ Y transformation occurs between 666°C * 3°C and‘713°C * 5°C on
heating at rétes of 180°C and 750°C/hr. Thus, the high'foughnéss -
temperature range is seen to correlate well with the £ransformation
0 > Y on heating. Further evidence of this is shown ig Fig. 12
representing the kinetics of trahsformation and the reéuiting change
in impact properties with isothermal treating at 650'f§'800°C. The
microstructures corresponding to thesé curves are sﬁown in'Figé. 13
to 18.

From Fig; 12 it is seen that the development oflhigh toughness
is a time and temperature dependent phenomenon. Atv650°C, the structure
is very stabie (Figs. 13 and 14) with little improvément in
toughness aftef 3O hrs at temperature. At 700°C the toughness requires
over 1 hr to reach an optimum level. The micréstructure at 700°C
(Figs. 15 and 16) cﬁénges rapidly'between 0.5 hrs and 6 hrs. - Starting

with a very»fing dispersion of 0 and o' (retransformed Y)21 at 700°C

(0.5 hrs), the structure changes with time to islands of a + o' surrounded
by pure a' and then to almost 100% o' with small particles of a remaining

untfansformed.f'(Small amounts of o should be stable at equilibrium at
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700°C, Fig. 19.22) “The production of‘high toughness'at 700°C closely
parallels the amount of o' present, being low whenvthe amount of a' is -
low and- high when the structure is almost completely ol (nearly 100/
Y at 700° C), This 1nd1cates that the toughness 1s dependent on the
transformation or some product of the transformation (i.e., grain size
change, substructure change;reduction in either segregation or the
amount of brittle phases)‘ At 750°C, less than 0.5 hrs is required
to develop high toughness and the structure and properties are stable
to 6 hrs at temperaturet
‘There are seVeral possihle advantages toibe‘gained'from a low tempere
ature phaseIChange uhich'could effect the low temperature properties of a
material. Among these are afreduction in grain size;tahchange in
substructure} a resolution of‘embrittling precipitatesvor grain boundary
phases produced on cooling from the previous treatment;;retention of
. | : B »
small amountSiof Y.and a reduction in segregation orhcompositional
variations between adjacent areasiof_the microstructure;‘ Transmission -
thin foil worktshowed no evidence of precipitates in'§007C-AQ material
(Fig. 20) and no grain boundary networks. Microprohe analysis showed
no composition changes in'different'grains or at grain boundaries SO
that any compositional variatﬁrs have gradients of less than 1-2u.
X—ray'diffraction'studies of a variety of heat treatments-indicated no
measurable amount of.retained Y.21 This leaves only grain s1ze and
substructure effects to be responsible for the high toughness in the’

700°C to 750°C range.
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Figure 6 (the 900°C AQ + 650 C IBQ treatment) shows the 900°C grain
diameter to average 75u (ASTM GS 4.5). A subsequent 700°C (2 hrs) heat
treatment produces a grain diameter of 9-11y (ASTM lO{S)fand at 750°C
(2 hrs) anu}izu:(ASTM 19) grain diameter. Grain size vs low temperature
toughness results from.Fig. 25 are summarized in Table'3. A grain

diameter change of this magnitude would’ almost certalnly reduce the NDT -

temperature.14 15

.The substrUCture'also undergoes a large change.‘ Af 900°C (Fig. 20)
the substructure consists mostly of long parallel laths typical of
massive.martensite 18,23,24 A subsequent heat treatment at 700°C or
750°C (Figs. 22 and 23 respectively) produces a structure more repre—_
sentative of equiax o in Fe-Ni alloys,18 containing rdunded subboundaries
and areas of high and low dislocatlon densities as opposed to long,
stralght martensite laths. This 1ower temperature structure is very.
reminiscent of the "ideal" substructure mentioned in the Introduction,
i.e., one-consisting of a fine duplex substructure‘with alternate
heavily dislocated and 1lightly dislocated areas; N

Another'important characteristic of this material is 'its characteristic
of maintaining con51stant1y high impact properties with a wide range of
cooling rates, as shown in Fig. 26. It is seen that the material is
quite insensitive to cooling rate; the only effect being a slight
intrease in both hardness and toughness with decreasing cooling rate.
Although no evidence has been found of precipitation on. air quenching,
the hardness increase at this cooling rate might be due to the clustering

of nickel and titanium atoms.28 33,34
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Although.these initial stages of precipitation are seen to enhance

both hardneea and impact resistance, isothermai aging ekperiments‘have

so far produced disappointing results. The hardening characteristics

on isothermal aging at 410°C to 515°C for Q to 50 hra are.shown in

Fig. 27. Therevis a considerable'hardness'increase in this temperature

range with'the highest hardness.for reasonable heating times occnrring

for treatmenté'at 450°C for 10 to 25 hrs. Powever, aglng spec1mens

for 5 hrs at 450 C reduced the Charpy V-notch energy at -196°C from

140 ft—lb to 8 ft*lb. Hopefully;'further experiments'tolthorOUghly
explore this strengthening mechanism will lead to methods capable of

s1multaneously producing increased strength and h1gh toughness -at

low temperatures.. (See Section 2b of the Discus31on.)

2. Structure and Properties of Non-Optimally
Heat Treated Specimens

a. Heat treatments above the high toughness
' temperature range.

A mattervof 1nterest in this material is the rapid-deCreaSe in
. low temperatnré toughness that occurs between 750°C and 800°C for
all heat treatnentsQ As shown in Figs. 5 to 7 and Tables 4 and 5,
there is no obvious change in microstructure or tensile properties
which could help explaln this drastic reductlon in 1mpact properties.
One ‘must therefore look deeper for the answers. - |

‘Two factors which would certainly contribute to the decrease in
toughness hetween 750°C and 800°C are the substantial increase in
grain diameter at 800°C and a nore subtle change in the dislocation
snbstructure size and morphology. Figure 25 and Table 3 illustrate the
grain sizes .(GS) at 700°C to 800°C. These are shown to be 9-11u at

700°C (ASTM GS 10.5), 10-12u at 750°C (ASTM GS 10) and 21-25, at 800°C

s
.
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(ASTM GS 8.0). This constitutes a significant grain §iée change‘of

2 ASTM grain size numbers and would pfoduce a shift'of the NDT to higher
temperaturesxat 800°C.14’15 | |

Examiﬁing Fig. 10c-f shows that the gross fracture features, as
revealed by thelscannihg electron microécbpe, correlate well with the
grain sizevand;optical microstructure. At 750°C the‘fracturé surface is a
éompletély dimbled rupture with an average dimple sizé'of 10-15u. This
is quite close to the size of the average grain; Atw800°c, the fracture
exhibits combined dimpled rupture and éuasi—cleavage; Qifh the quasi-
cleavage being the dominant fracture mode of the two. The fracture
topography ét-800°C seems to have features thch arevabqut 20-30u in size.
These fracture.features are not distinct but do correiate rather
well with the grain size of the matrixv(Fig. 25).

| The dislocation substructurevalso undergoés a sﬁail change in appear-
ance. At.750°C, the substructuré is quite similar to that of eduiaXed o as
described by 6Wen18 with curved sub-boundaries and afeas of low and high
dislocation &ensity. At 800°C, the substructure begins to take on a
characteristic more indicative of massive martensite, i.e., straight
parallel lath -like sub-boundaries with plates of high‘and low dis~
location density material. -

Séveral tiansformation modes are possible from.Y4a in Fe base ‘
alloys depending on the type and amount of eleméntsbadded. ‘In the Fe-Ni
system tﬁ&ée transformatioﬁ modes are obtainable depending on the Ni
content and cooling rate. At low nickel contents (less than 7 at;% Ni)

the transformation is an equiaxed a type involvingAshdrt range diffusion.

If the cooling rates are extremely high (>15,000°C/sec), the thermally
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activated equiaxed o transformation can Se supprésséd'and an athermal-
shear typé massive maftensite transformation reéulté.zé " Between 10
and 29 at.%Z Ni the transformation is of the massivé martensite_tyée
for cooling'ratés-above 5°C/ﬁin ané withvgreater than 29% Ni the trans-
: formation is by the acicular marfensife shear transf_'ormation.Al8

Thé Fe—12'Nif0}$ Ti alloy does not seem to follow this pattérn{,
At 700°C and 756#0,.both-the optical and transmissioﬁ :ﬁiﬁ foil structures
are ﬁoré remeniscent of the equiaxed 0o structure thén”the.massive
maftensite_typém There are atileast two possible réasons fof this
inconsistenéy; the effect of éarbon and titanium on the equiaxed‘a.
and massive martensite1traﬁsfdfma;ioﬁs, and the’effeéggbf grain.éizé
on these feactioné; |

Several élements‘aré known to slow the kinetics of the equiaxed
o reaction and favor.the?massive martensite tranSfdrmafion; among |

18,?3,24,25' Cafboh in small

these are nickel, chromium and carbon.
quantitiés_éan'greatly effect the kinetics of the equiaxed ¢ trans-—
18’25')'effectively

formation. Highgt‘carbon contents (0.001.to 0.005 th'C
éloﬁ the éqﬁiaxéd o transformation énd favor the méséiﬁé:martensité
transforﬁation. In:the Fe-lZ-Ni—O.S Ti alloy, ﬁitaﬁium,\ﬁy its'scavenging
effecf‘on theléarbon, could reduce the effect of carbdﬁ on the kinetiés
lbf the equiéxed o reaction. This lower carbon content -could allow the
equiaxed o transformation to become dominant at coolihg.rates of 50°C/sec
or éo and explain the presence of the equiaxed o structure. |
The effeét‘of grain size on the equiaxed o and massive martensite
tfansformations is not well understood. Owen and Wilsdnzé present data

showing that there is an abrupt change in transformation mode from the

equiaxed o to the massive martensite type as the austeﬁitizing temperature
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is increased. This change in transformation mode is attributed to the
grain size change with austenitizing temperature and its effect on the

nucleation rate of the equiaxed o transformation. This Yy grain size

effect could also help explaln the substructure change between 750°C

-and 800°C.

From the abcve considerations, it is tﬁought that the loss in
toughness becween 750°C and 800°C is strongly related co the gra@n
size increase occurring in this tempe:etu;e range. fhe substructure
as controlled by transformafionbmode changes are thoughf to play a less
important role in détefmining the 1ow'temperaturevtoughness of the alloy..

b. Heat treatments below the hlgh toughness
temperature range.

A‘eecond area of interest on the Charpy V-notch energy vs heat
treat tempefetufe curve is the low temperature decrease in properties
which are seen‘co occur below 700°C after a 900°C treatment (fig, 3,4)
and below‘6SO°C‘from the ae forged condition (Fig. 2)._ This iow
tempefature droé off is expected for two reasons. The.starting meterial_
[900°C (2 hfs) AQ] has a Charpy V—notchAenergy of 9 ft=1b at -196°C and
the value must rise smoothly froﬁ this value tc chateof the 700°C to

750°C 'value in some temperature interval, i.e., 650°C to 700°C. Also, as

mentioned'earlier,‘precipitation occurs rapidly on heating in the'

range of 450°C-500°C and above (Fig. 27), and this precipitation has
. o T :

been shown to be deterious to the low temperature toughness. What is

unexpected is the abruptness of the transition and that. the transition

from brittle to ductile behavior at -196°C occurs at different heating

temperatures for the AF and 900°C (2 hrs) AQ material.
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The moSt'likely answer to this problem can be_found in the
dilatometry data and optical microstructure. Omn studyiug the dilatometry
curves it is seen that there is a point.on'each turue;:well below_the.
conventiovnal'vAc1 tempersture,'where'the expansion ratelbegins to differ
from that ofuthe ferrite. 'These points are glven in lsole'Z. This
pheﬁbmenon:has been reported in.other literature on'FeéNi alloys.9 and
is thought to be due to the PrecipitatiouvofAY in theiferrite mstrix
below the conventional oty region on heating._'ThiS'revérted'Y ls shown
elearly in optical mlcrographs of the 650°C heat treatments ss smooth,

- light areas in the matrix, :Figs 13b,. 14b 21b, 28 and 29

The difference between the AF and 900 C AQ, plus a subsequent 650°
treatment, 1s seen to be in the way in which the,Y precipitates in the «
matrix. 1In the AF material (Fig. 28) the Yy pretipltstes as spheroids,
breaking up-the;d matrix and produciné a Very fine'grsiued ( 5u grain
diameter) duplex structure of o andva' at roomvtemperature. ~The structure
is very homogeﬁeous. When the 900°C AQ treatment is followed by ‘a
650° C (2 hrs) IBQ or AQ treatment, the Yy prec1p1tates as needles or
plates in the grain boundarles_and along speciflc crystallographic
directiohs in'each”grain (Fig.'Zlb). The previous 9OQ°C‘grain size
is not been>broken up and there ls an almost continuous.film of a'
along these grain boundaries. There is also noviuprovement in tougﬁness
over the origiual 900°C AQ structure. Both absorb 9 ft-1b at —l96°C.

Figures 10a end b show scenning electron fractoéraphs of the
900°C AQ and'90b°C AQ + 6505C AQ charpy fractures. _Here it is seen that
the frscture features for both treatments are very similar in size and

close to that of the 900°C AQ grain size (approximately 75u). - There
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is less pure cleavage in the 650°C treated materiai and there'is a.

very small amount of dlmpled rupture present, most probably due'to the

o' needles, but the toughness is unchanged from that of the 900°C AQ
material. The prlor 900°C grain size seems to be controlling the fracture
characteristics in both cases.

These differences in characteristics of precipitation of the Yy, and
the large graln s1ze of the 900°C AQ materlal, are thought to be the
reasons for the large d1fference in toughness between the AF and 900°C
AQ materlals when subsequently treated at 650°C. | |

The AF plus 650°C structure has a fine grained dupiex structure
of a+d'-without any<continuous_phase,_While the 900°¢-+ 650°C structure
consists of large grains nith a grain boundary envelope of o' and long
needles of &' within the grains. This would seem to be a less favorable
microstructure for resisting fracture at low temperatures.

On reviening the hardness data (Figs. 2 through 4)'and electron
micrographS'of the 650°C treated material the importance of being able
to produce high'toughness consistently at 650°C becones obvious.

Figures 2 to 4 show that there is a considerable increase in hardness

‘at 650°C over the other heating temperatures so thatﬁifuthe high toughness
at 650°C_from.the AF condition could be reproduced in.the~900°C AQ'
material it would be advantageous. Figs. 21c and'30~are trensmission'
thin foil micrographs of the AF + 650°C and 900°C + 650°C naterials
‘respectively.evThe significant feature here is that both contain
precipitates in the untransformed o areas of the material. Theselrod
shaped precipitates ekplain the increase in hardness‘at 65060. More

important, these precipitates do not seem to affect the low temperature
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toughness in'the AF + 650°C material, as the substructurescare Very
similar in both materials. The AF + 650°C_materiai'is.very'tough,

while the 9005C + 650°C material is.brittle at_-196fC.':This fact lends
credence to thefidea’that-there.should be ways toruse'precipitate particles
in this systenvto increase stfength.withdut.decreaSing toughness.

B. Tensile Properties

1. As uenchied.' |

Tensiievproperties at 23°C and -196°C are given“in iahles 4 and 5
for the as forged + 650 to 850°C (2 hrs) 1IBQ and the 900 C (2 hrs) AQ +
650 to 850°C (2 hrs) AQ material. Typical stress—strain curves for the .
as forged + 650 C (2 hrs) IBQ and 900°C (2 hrs) AQ + 750 C (2 hrs) AQ
materials are shown in Figs, 31 and 32,

‘In uniaxial tension,tests this‘material is extremeiy ductile in all
heat treatments'tested at either 23°C or ;196°C; Theltensile data does
not at all reflect the drastic changes in impact energy that occur in
the 650°C to 700 C and 750 C to '800°C temperature ranges. Also, the
y1e1d and tensile strengths increase by nearly 504 in g01ng from 23°C
to -196° C without any significant loss in percent elongatlon or percent
reduction in area.

VThere is very iittle uniform plastic deformation in this naterial,
plastic instahility'and localized necking occur very soon after yield
with all the elongation being produced in .a small nercentage of the
original gauge length. .This is dndicative of a very_low work hardening
rate, further evidenced both by the small stress difference between the
yield and ultimate strength and by the data on cold‘roiling presented in

Fig. 33. Here it is seen that the material will withstand greater

|
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than 80% cold,reduction_with»only 20% increase in tensile strength.
'.This material was cold rolledvfrom 0.400 to 0.017 in.;in thickness
without annealing before cracking occurred.

Titanium seems to show a considerable soiution strengfheﬁing effect.
Speich and‘S.war.mz4 reporp an OfZZ yield stress of approximately.70,000 psi
for Fe-12% Ni,‘whereae?the values found in this study are over 90,000 psi

for 0.2% yield stress.

2. Isothermei Aged at 450°C
Table 6{lists the tensile properties.éf this material at 23°C and
v—196 C after 1sothermally aglng the material at 450°C for 0, 5 and 24 hrs
from the 900 C (2 hrs) AQ + 750°C (2 hrs) IBQ conditionm.
There is a 25% increase in yield and tensile strength at 23°C and
a 15% tensile_S;rength increaee and 25% yield strength increase at ~196°C
' after aging'for 24 hrs at 450°C. The elongation and redﬁeeion in area
are simllar to the 650°C treatment but with a higher yleld strength
and sllghtly hlgher tensile strength. Again, even though the material
in the aged ‘condition has very low notch toughness at -196°C, the
_elongatien and reduction in area are extremely good.. Notched tensile
tests or higher strain_rates weuld most probably produce better cor-

relations with the Charpy data on low temperature ductility.
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“IV. SUMMARY AND CONCLUSIONS

The Fe—12 wt% Ni-0.5 wt% Ti BCC alloy exh1b1ts excellent

"comblnations of strength .and toughness at -196° C- Y1e1d strengths

and Charpy V-notch energies of 140-150 ksi and 130—160 ft-1b at

'—196 C are attainable by a number of convenlent heat treatments.

This meterial does in fact develop strength and toughness com;
binatlons at -196°C superior to any of the presently anallable
commercial alloys used for low temperature serv1c.e.

High toughness at —196 C is developed by heating to 700°C- 750°C

for 2-6 hrs and IBQ or AQ after a 900°C (2 hrs) AQ treatment From
the as forged condltion high toughness is obtainable by a 650 c

to 750AC.heat treatment for 2 hrs or greater. Th;s tempetature

region.for production of high toughness at:-196°Cvis closely

_related 'to the oy phase transfornation which occurs on heating

Abetween'666°C '3°C and 713°C + 5°C.

The high toughness of this alloy is bel1eved to be the result of

: brlng;ng together into a single BCC alloy, the follow1ng eharacteristie

a) a high nickel content

b) an initiallyflow interstitial content

‘ c) interstitial scavenging (by titanium)

d) a fine‘grain size and a finely dispersed, dislocation sub~-
structure of high and low dislocation density_areas (produced

- by a low temperature,phase'transfotmation)

.Given the high nickel content and low interstitial content of this

alloy, the'toughness at -196°C is thought to be mostly dependent

on the grain size of the material.
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The hlgh toughness produced on heating to 700 C or. 750 C is a time

dependent phenomenon closely paralleling the amount of Y formed at

: temperature. The development of maximum toughness requires heating

for over 1 hr at 700°C-and less than 0.5 hrs at 750°C.
The low temperature tougnness decreesee abruptly when the final
heating temperature is below 700°C (650°C from the as forged
condition) or above 750°C. The degfadation in pfoperties below
700°C is‘thoughtjﬁo be due to the presence of the previous 900°C
grain structure; Vhich is anot'been eliminated by the subsequent
heat treatment below 700°C,vend to the precipitation of a Y envelope
at these prior 900°C grain boundaries and - Y needles along‘specific
crystallographic directions in the lattice. |

Theldecreaee in toughnese ebove 750°C is most‘probably‘due to the
increaselln»grain diameter from 11y at 750°C to 2$p at 800°C. A change’
in dislocation substructure from randomly shaped and oriented areas
of high and low dislocation density to long straight massive martensite
type laths is also observed to accompany the deferioraeion of properties.
Isothermal aging at 450°C increaeed the yield strength significantly |
but drastlcally reduced the low temperature toughness. Honever

the presence of precipitates in the high toughness AF + 650° C (2 hrs)

-IBQ material suggests that prec1p1tat10n is not necessarily: deleter1ous

to the low temperature toughness.
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V. RECOMMENDATIONS FOR FURTHER RESEARCH

There are severél‘interesting aspects of this material which shquid

be investigaﬁé& to increase our knowledge' of its behavior and to.imprOVév

its already”excellent properties. These include:

1.

It would be‘invaluablé to know the effect of carbonA¢ontent and

the amount of éther interstitial and tramp-eleﬁén#sbon low temperature
proper#igs; Small.émountS'of S, P, Si;rMn, Al,:Cfaﬁa N2 are no;mélly
present infcbmmercially prepared alloys and the;effects of comparable
levels'of‘tbese elements 6n_fhe properties of thié ailéy.should be |
determined. - Knowlédge of the effect of C is ésbecially necéssary as
this element, inrsmali amounts, can éffect the‘stréﬁgth 1evel-§n
quenchiné; th¢ Y>0 transformation mode, the oY transformation_tempe;a_
ture and‘thé.presence and/or amount of_fetéinedif.:

Step heaﬁiné an& quenching“gxﬁérimen;s,should bé~pe;formed té

determine more exactly the reason for the high temperature decrease

in toughness (above 750°C). By comparing the propérties of the.

following four heat treatments from the 900°C (2 hré) AQ condition

it shduld.be possibie to determine whether this decrease is due

"to transformation type and/or temperature, grain size,'and/or_50b¢

sttuétq:é éﬁanges or the final temperature before quenching.
1. 800°C (i‘hrs) AQ |
z; f750°c-(2 hrs) AQ
3. 750°C (1 hr) > 800°C (1 hr) AQ

4. 800°C (1 hr) » 750°C (1 hr) AQ
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The effect'ofvlbwering the nickel content ;ole wtZ or‘less and the
effect of partiai sﬁbstitution of ménganése.fof hicke127 on‘ﬁhe low
temperaturevimpact properties should be determined. If either of
these changes coula be effected without destroying‘the low temperature
toughnés§ 6f thefélloy they would significantly decrease the alloy

cost and thereby increase its desirability as a commercial alloy.

Care;?ust be taken on substituting Mn fdf Ni for sé&ere embrittlement
can occur in Fe-Ni-Mn alloys.28 | |
The NDT tempetatufe of this material should be.deférmined as a
,functipn'bf temperature and time at temperature. This data wdﬁld
shed.light on whether the properties are a function of.transformation
on heatiﬁg and cooling or are more dependent on grain size effects.
The effect of titanium on the transformation typg'and temperature

of Fe-Ni alloys is not at preéent‘known. The témperature of
transfbrﬁa;ion o>y and Y*0 influences the grain éize, dislocation
substrucfure and hardness of the allo&, and the tfahsformation tybe
can have profound effects on the mechanical propertiés. - It would

thus be advantages to know the role titanium plays in each of these

areas.
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6. Work shouid most definiteiy be performed tb‘imprOVe the respdnée‘

of the low temperature impact propertiesvto isothermal aging. There

are séverai methods by which this could be done.-

a.

with Ni

Since precipitates are not detrimental to the AF + 650°C

':(2 hrs),IBQ material, it would be advantageous to determine

the effect of aging at 550°C to 650°C. for short times

0.1 to 5 hrs) on the impact properties of the high

: ﬁbughness’(700°C‘and 750°C) structures.'_Tﬁﬁé, it might
_ be'possiﬁle to raise their strength by'high temperature
éging withoutldeétroyihg the toughness df'the'méterial.

Both titanium and aluminum form strengtheniﬁg preéipitates

29

and the two elements in.combihation,arevknown

to have a greatér‘effect than that of either element

separately. It would be useful therefofévto determine

 the effects of additions of Ti (0 to 1 wtX) + Al‘(O‘to’

1. wt%) on thé aged'tensile and impact proyerties of the
material, both at room'temperatﬁre and -196°C.

Moledenum has the effect of changing the precipitation

sites of Ni-Ti particles from grain boundaries to the
‘matrix of maraging'steels.30 It would_thérefore be useful

. to determine whether this element in small quantities

(less than 1 wt% Mo) can improve the low temperature impact

-properties of this alloy af;ef isothermal aging in the

V-4C0°C to 550°C temperature range.
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d. vFéQNi-Ti‘alloys'of high niﬁkel.conteﬁt'ré9pond to aging

in the Y;31’32 The y+a transformation of thié.alloy, on

coqling,'occufs beldw QSQfC so,that.it might be possiblé

cé impro&e stfength'énd toﬁghn§3s‘by aﬁs—éging’at 450°C-550°b.
Thermal cycling through ;‘phase t;ansformation is.a'practiéal method
for reducing grain diameter. This method could Qery likely be used .
to increasé:both stfength and t6ughness of thévalloy at -196°C ana
Bélow. Thé'effect of several cyéleé (1 fovsltimgs)'at 600°C to
850°C'fpr O.25 to 2 his shou1d>theref6fe be invéstigated. ' |
The'propéfﬁigsvof this métgrial shbuld:be deterﬁined at temperatureé
below -i96°C. Fe—Ni alloys ténd'to exhibit a mére‘gradual transiéibﬁi
from high to loﬁ toughness than other BCC allo&é;_ The prdperties

of this and related alioys.might very possibly remain superior to

existing'erogénic alloys to temperatures approaéhing 0°K.
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in this study (wt%).

Table 1. Chemical composition of ingots used

Ingot # | Ni Ti Mo c s P N, Fe
708-16 | 12.10 | 0.51 | 0.005% | 0.006 | 0.004 | 0.005% | 0.003 | Balance
©722-10 | 12.35 | 0.54 | 0.005% | 0.006 | 0.004 | 0.005% | 0.004 | Balance
- 726-13 12.05 | 0.47 0.005*% /| 0.012 | 0.004 | 0.005* | 0.004 | Balance
' *Indicates leés:than o
' Table 2.  Di1a£ometry'data for Fe-12 Ni—O,S'Ti
(heating and cooling rate 750°C/hr).
Heat Treatment: Begin Conventional Ac3, Ar' ‘Ar"
' Transformation Acl '
As Forged 535°C 667°C 718°C 435°C |[-371°C
AF+900°C(2hre)IBQ |~ 542°C 663°C 716°C | 442°c | 382°C
AF+900°C(2hrs)AQ || 560°C 669°C 709°C | 459°C | 390°C
AF+900°C (2hrs)+ N ) I
Furnace Cool at 564°C 665°C 711°C .| 457°C | 387°C
0.5°C/min ‘ IR S| ) :
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Standard Charpy V-Notch Specimen

Tensile Specimen
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© Fig. 1 Mechanical test specimens.
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Hardness (Rockwel_i A)
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“Enerqy Abso’rb_e_d at -196 °C (ft-Ib)
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Fig. 2.. Charpy 1mpact energy at -=196°C and hardness vs temperature

from the as forged condltlon
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Fig. 3. Chérpy impact enérgy at -196°C and hardhess vs tehperature

+ IBQ for the 900°C(2 hrs)AQ condition.




Hardness (Rockwell A)

Energy Absorbed at -196°C (ft-Ib)
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Fig. 4. Charpy impact energy at -196°C and hardness vs temperature

+ AQ for the 900°C (2 hrs)AQ condition.



AS FORGED + TEMP SHOWN(2 HR)1BQ

000 o ' 00

100,

XBB 7210-5521

Fig. 5. Optical micrographs of as forged + 600°C to 900°C (2 hrs)
IBQ heat treatments.
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900°C(2 HRS)AQ + TEMP SHOWN(2 HRS)IBQ

XBB 7210--5532

Fig. 6. Optical micrographs of 900°C (2 hrs) AQ + 650°C to 800°C (2 hrs)
IBQ heat treatment.
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900C (2 HR)AQ +TEMP SHOWN(2 HR)AQ

650C 750C

700°C 800°C

1004
XBB 7210-5533

Fig. 7. Optical micrographs of 900°C (2 hrs) AQ + 650°C to 800°C (2 hrs)
AQ heat treatments.
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AS FORGED +TEMP SHOWN (2 HR) IBQ
TEST TEMP, -196°C

600C 750C

650C 800C

. 700C 900C
—_

XBB 7210-5518

Fig. 8. Fractographs of as forged + 650°C to 900°C (2 hrs) IBQ Charpy
fracture surfaces.
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900°C(2 HR)AQ +TEMP SHOWN(2 HR)AQ
TEST TEMP,- 196°C

700C 850C

750C INITIAL 900C FRACTURE

. 3mm___,

XBB 7210-5517

Fig. 9., Fractographs of 900°C (2 hrs) AQ + 650°C to 850°C (2 hrs)
AQ Charpy fracture surfaces.
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(b) XBB 7210-5530
Fig. 10, Scanning electron fractographs of (a) 900°C (2 hrs) AQ and
(b) 900°C. (2 hrs) AQ + 650°C (2 hrs) AQ Charpy fracture

surfaces.
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(d) XBB 7210-5531
Fig. 10 continued
Scanning electron fractographs of 900°C (2 hrs) AQ +
(¢) 700°C (2 hrs) AQ and (d) 750°C (2 hrs) AQ Charpy
fracture surfaces.
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Fig. 10 continued
Scanning electron fractographs of 900°C (2 hrs) AQ +
(e) 800°C (2 hrs) AQ and (£) 850°C (2 hrs) AQ Charpy
fracture surfaces.



Expansion in Inches/Inch (x10~3)
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Fig. 11. Dilatometric heating and cooling curves for

four heat treatments.
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XBB 7210-5525

Fig. 13.O0ptical micrographs of 900°C (2 hrs) AQ + 650°C (2 hrs)
IBQ heat treatment.
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XBB 7210-5528

Fig. 14. Optical micrographs of 900°C (2 hrs) AQ + 650°C (30 hrs)
IBQ heat treatment.
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XBB 7210-5526

Fig. 15. Optical micrographs of 900°C (2 hrs) AQ + 700°C (0.5 hrs)
IBQ heat treatment.
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(b) XBB 7210-5523

16. Optical micrographs of 900°C (2 hrs) AQ + (a) 700°C
(1 hr) IBQ and (b) 700°C (6 hrs) IBQ heat treatments.
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(b) XBB 7210-5524

Fig. 17. Optical micrographs of 900°C (2 hrs) AQ + (a) 750°C
(0.5 hrs) IBQ and (b) 750°C (2 hrs) IBQ heat treatments.
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Fig. 18,
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(b) XBB 7210-5519

Optical micrographs of 900°C (2 hrs) AQ + (a) 800°C
(0.2 hrs) IBQ and (b) 800°C (2 hrs) IBQ heat treatments.
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Fig. 19. Iron rich cornmer of ternary Fe-Ni-Ti equilibrium phase
diagram (from Speichzz).
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(a) 100y (b)

0.5
XBB 727-3819

Fig. 20. (a) Optical, (b) transmission replica and (c) transmission
thin foil micrographs of 900°C (2 hrs) AQ heat treatment.
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(c) 0.5 ,
XBB 727-3821

Fig. 21. (a) Optical, (b) transmission replica and (c) transmission thin
foil micrographs of 900°C (2 hrs) AQ + 650°C (2 hrs) IBQ heat
treatment.
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Fig. 22.
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(e) L 0.5u
XBB 727-3824

(a) Optical, (b) transmission replica and (c) transmission thin
foil micrographs of 900°C (2 hrs) AQ + 700°C (2 hrs) IBQ heat
treatment.
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XBB 727-3822

Fig. 23. (a) Optical, (b) transmission replica and (c) transmission
thin foil micrographs of 900°C (2 hrs) AQ + 750°C (2 hrs) IBQ
heat treatment.
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XBB 727-3823

24, (a) Optical, (b) transmission replica and (c) transmission
thin foil micrographs of 900°C (2 hrs) AQ + 800°C (2 hrs)
IBQ heat treatment.
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XBB 7211-5856

Fig. 25. Grain size determination of (a) 900°C(2 hrs)AQ + 700°C(2 hrs)AQ,
(b) 900°C(2 hrs)AQ + 750°C(2 hrs)AQ and (c) 900°C(2 hrs)AQ + 800°C
(2 hrs)AQ heat treatments. Lines represent 0.01 inch.
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Hardness (Rockwell A)

Charpy V-Notch at -196°C (ft-Ib)
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XBL 7210-7138
Fig. 26, Charpy impact energy at -196°C and hardness vs log cooling

rate for the 900°C(2 hrs)AQ + 700°C(2 hrs)Q condition.



64~

*UOTITPUOD DYI

(say z)0,006 @2ya woxay soinjeisdwal Ino3y jo 3utfe TRWIASYJOST SA ssaupiey °(7 914

6.69-62.718X

(S4H) awiy bBuiby
0¢ Gt Ot G¢e o¢ G2 02 Gl o]

I | | I ] | | |

| 081(s142) 5,006 - PaivaL uoinjog

'1GO-IN2I-234

llonm’_m Ilooooooouo.-oo-o

0'8s

G09

0'e9

—G'S9

—0'89

—G04

(v 11amy20y) SS9UPJIDH



vw

Fi

o
=]

°

3

—-65-

(b)

w20
XBB 7210-5529

28, Optical micrographs of as forged + 650°C (2 hrs)
IBQ heat treatment.



Fig. 29.
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XBB 7211-5847

Replica Transmission electron micrograph of as forged +
650°C (2 hrs) IBQ structure.
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XBB 727-3820

Fig. 30. Transmission thin foil micrograph of as forged + 650°C (2 hrs)
IBQ heat treatment.
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APPENDIX. ADDITIONAL DATA ON THE Fe-12 wt7 Ni-0 to 2 wt¥% Ti
ALLOY SYSTEM FOR FUTURE REFERENCE

Alloy Compositions

Ingot # 726-12 | 722-10 | 708-15 | 7010-6

Ni (wt%) 11.96 12.35 12.06 12.02

Ti (wt%) 0.22 0.54 0.94 2.00
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Charpy impact energy at -196°C and hardness vs temperature + AQ
for the 900°C (2 hrs) AQ condition. Alloy: Fe-12 wt¥% N{~0.25 wtZ Ti.
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Hardness (Rockwell A)
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Charpy impact energy at -196°C and hardness vs temperature
from the 900°C-2 hrs IBQ condition. Alloy: Fe-12 wt%
Ni-0.5 wt% Ti.
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900°C (2 HR) 1BQ + TEMP SHOWN (2HR) 1BQ

INITIAL 900°C 1BQ STRUCTURI

600C

Optical micrographs of 900°C (2 hrs) IBQ + 600°C to 800°C (2 hrs)

IBQ heat treatment.

Alloy:

800°C
100,.

XBB 7210-5520

Fe-12 wt% Ni-0.5wt7% Ti.
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Room temperature Charpy impact energy vs yield strength as produced by

isothermal aging at 475°C for O to 10 hrs.

Alloy: Fe-12 wt% Ni-1.0 wt% Ti.
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Hardness (Rockwell A)

Energy Absorbed at -196°C (ft -1b)
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Charpy impact energy at -196°C and hardness vs temperature
+ IBQ from the 900°C (2 hrs) AQ condition. Alloy Fe-12 wt% Ni-
1.0 wt% Ti. ' -
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Energy Absorbed at -196°C (ft-1b)

Hardness (Rockwell A)
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Charpy impact energy at -196°C and hardness vs temperature + AQ

from the 900°C (2 hrs) AQ condition. Alloy: Fe-12 wtZ Ni-1.0 wtZ Ti.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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